We have synthesized members of an isostructural solid solution series K x Ba 1−x O 2−δ (x < 0.41, δ < 0.11) containing mixed-valent dioxygen anions. Synthesis in liquid ammonia solution allows a continuous range of compounds to be prepared. X-ray and neutron diffraction show that K x Ba 1−x O 2−δ adopts the tetragonal rocksalt-derived structure of the end members KO 2 and BaO 2 , without any structural phase transition down to 5 K, the lowest temperature studied here. We identify four oxygen−oxygen stretching modes above 750 cm −1 in the measured Raman spectra, unlike the spectra of KO 2 and BaO 2 which both contain just a single mode. We use density functional theory calculations to show that the stretching modes in K x Ba 1−x O 2−δ arise from in-phase and anti-phase coupling of the stretching of nearest-neighbor oxygen dimers when the valence state of the dimers lies between −1 and −2 because of mixed cation coordination. This coupling is a direct signature of a novel type of anionogenic mixed valency.
■ INTRODUCTION
The scientific and technological potential of materials in which magnetism arises from p-electrons has been much less explored than those containing magnetic d-or f-block species. This is largely due to the relative scarcity of such materials; p-electrons tend to be paired in covalent bonds. Nevertheless, in recent years an increasing number of p-electron (often carbon-based) magnetic materials have been reported. 1−8 The larger delocalization of p-electrons compared to d-or f-electrons and the low spin−orbit coupling of 2p systems is likely to yield novel physical properties, evidenced by phenomena such as spin-polarized transport in graphene. 9 The magnetism in many p-electron systems is defect-based and is thus difficult to control and study systematically. 10, 11 In contrast, dioxygen molecules carry an intrinsic magnetic moment and can thus be used as convenient building blocks to construct model systems that exhibit p-electron magnetism in an ordered, crystalline environment. The complex temperature−pressure phase diagram of diatomic molecular oxygen, which contains two unpaired electrons in doubly degenerate antibonding π* molecular orbitals, has been studied in detail and contains a number of different antiferromagnetic (AFM) phases. 12, 13 Two species of dioxygen anions also exist. The magnetic superoxide anion is formed by adding one electron to molecular O 2 and is stabilized by alkali metal cations (A) to give crystalline salts with the composition AO 2 ; AFM order is also widely found in these materials. 14 The nonmagnetic peroxide anion is formed by the addition of another electron to fill the π* orbitals and is stabilized in crystalline form by both alkali and alkaline-earth (AE) cations to give compounds with the compositions AO and AEO 2 , respectively.
The incorporation of both superoxide and peroxide in the same crystalline solid gives rise to the intriguing possibility of magnetic, anionogenic mixed-valent systems. By analogy with mixed-valent transition metal oxides such as the "colossal magnetoresistance" manganites, 15 this gives the prospect of novel compounds with a rich variety of physical properties that can be controlled by the filling level of the π* orbitals. 16 It should also be noted that the orbital degeneracy of the superoxide anion leads to strong spin−lattice coupling, 17 in similar fashion to Mn 3+ . However, the potential of mixed-valent dioxygen systems has been little studied. One approach toward obtaining such systems is to vary the oxygen content in the AO−AO 2 phase diagram. The phases in this category that have been identified and characterized thus far are RbO 1.5 , 18 CsO 1.5 , 19 and RbO 1.72 . 20 All three compounds are insulators despite RbO 1.5 and CsO 1.5 being black in color, hinting at a different electronic structure to AO and AO 2 , which are always white or pale yellow. All three compounds exhibit varying degrees of spin-glass-like behavior at low temperature, with AFM interactions dominant. RbO 1.5 is predicted to reach a half-metallic ferromagnetic (FM) state at high pressure. 21 In RbO 1.72 FM interactions were observed experimentally, probably within small clusters. An alternative approach to mixed valency is suggested by the 1951 paper of Seyb and Kleinberg, 22 which reports the synthesis of a brown polycrystalline material with composition K 2 BaO 6 . Although not studied further to the best of our knowledge, this compound should also have nonintegral filling of the π* orbitals, induced by the mixture of monovalent K + and divalent Ba 2+ cations. Here we show that K + and Ba 2+ can be combined to form a continuous solid solution series K x Ba 1−x O 2 that contains dioxygen anions with significant mixed-valent character.
■ EXPERIMENTAL SECTION
An exchange reaction was carried out between stoichiometric amounts of Ba(NO 3 ) 2 (Alfa Aesar, 95.5%) and KO 2 (Sigma Aldrich, 99.99%) in a glass round-bottomed flask connected to a vacuum line, using a method based on that reported by Seyb and Kleinberg. 22 Before commencing the synthesis, the flask was dried thoroughly by heating at 300°C to remove adsorbed moisture. Approximately 100 mL of liquid NH 3 was condensed into the flask, the temperature of which was held constant between −40°C and −60°C using an ethanol bath containing an immersion cooler. The solution was continually stirred using a magnetic stirrer. A dark brown precipitate of K x Ba 1−x O 2 was gradually formed together with KNO 3 as a byproduct:
Despite the evolution of O 2 gas in the reaction, it was found that a continuous external supply of dry O 2 (99.999%) was necessary; a partial pressure of 550 mmHg was maintained by pumping. After 30 min the reaction mixture was transferred to a U-shaped glass vessel with a filter in one arm; this vessel was attached to the vacuum line at both ends. The soluble KNO 3 byproduct was removed from the reaction mixture by washing three to four times with excess liquid NH 3 , which was pulled through the filter by applying a vacuum. The moisture-and CO 2 -sensitive products that were isolated by the filter were then dried in vacuum, upon which the color changed to a light tan as previously reported. 22 The samples were stored by sealing in Pyrex NMR tubes under a dry nitrogen atmosphere.
X-ray powder diffraction (XRPD, see below) showed that ∼10% of KOH·H 2 O impurity was always present in the final samples, as well as between 1% and 8% of KO 2 (the quantity of KO 2 was highest for the more K-rich samples). Given the precautions that were taken to exclude traces of water from the reaction environment, it is likely that KOH·H 2 O originates from a side reaction between solvated KO 2 and the NH 3 solvent. It is known that hydroxides are slowly formed by the reaction of alkali metal−ammonia solutions in the presence of oxygen. 23 This possibility is supported by our observation that longer reaction times led to greater proportions of KOH·H 2 O. We were able to prepare K x Ba 1−x O 2 with 0.22 < x < 0.41 by controlling the ratio of KO 2 and Ba(NO 3 ) 2 starting materials as well as the reaction temperature; the highest K-content was obtained at −40°C, just below the boiling point of NH 3 . We were unable to prepare a sample with the stoichiometry of K 2 BaO 6 reported by Seyb and Kleinberg. 22 More unreacted KO 2 remained in the product when a large initial excess was used. The synthesis of K x Ba 1−x O 2 was also attempted by an analogous procedure in methylamine solvent instead of NH 3 with the aim of minimizing the side reaction, but only samples with x < 0.25 could be obtained by this method. The composition is likely influenced by the lower solubility of Ba(NO 3 ) 2 and KO 2 in methylamine relative to NH 3 .
XRPD measurements were performed using a Huber G670 Guinier camera system operating with Cu K α1 radiation selected by a Ge (111) monochromator. The samples were mounted in a nitrogen-filled glovebox by sandwiching the powder between two sheets of Mylar film that were clamped in place using a metal ring. The sample chamber was evacuated throughout the measurement and no signs of decomposition were seen. Temperature control was achieved using a closed-cycle refrigerator. Neutron powder diffraction (NPD) data were collected on the GEM diffractometer at the ISIS facility. Samples of mass ∼0.3 g were sealed inside evacuated quartz tubes, which were in turn placed inside vanadium cans of 6 mm diameter. Data were collected down to 5 K using a helium-cooled cryostat. Structural refinements were carried out using the GSAS 24 software suite for both the XRPD and NPD data.
The overall K:Ba ratio in our samples was determined using inductively coupled plasma (ICP) analysis combined with optical emission spectrometry. The value of x in the K x Ba 1−x O 2 phase was then calculated by taking into account the percentages of KOH·H 2 O impurity and unreacted KO 2 in the samples, as estimated by XRPD. Because of large uncertainties in these phase fractions (the sample peaks were very broad and overlapped strongly with many of the impurity peaks), the compositions x have experimental uncertainties of approximately ±0.05. In this paper we present results of measurements on two representative samples with compositions K 0.22 Ba 0.78 O 2 and K 0.41 Ba 0.59 O 2 .
Raman spectra were measured using the backscattering configuration on samples contained in sealed, evacuated 5 mm Pyrex NMR tubes using a liquid nitrogen-cooled charged coupled device (CCD) connected to a three-grating micro-Raman spectrometer (T64000 Jobin Yvon). The sample was excited using a 532 nm semiconductor laser (VERDI) focused to an area of 50 μm 2 . The resolution of this setup was ±1 cm −1 .
Phonon spectra were calculated from first principles using densityfunctional theory (DFT) with the PW91 generalized gradient approximation. 25 The projector augmented plane wave method was employed, 26, 27 as implemented in the Vienna Ab Initio Simulation Package (VASP). 28−31 The core levels, which were kept frozen during the calculations, consisted of orbitals up to and including the 2p levels for K, the 4d level for Ba, and the 1s level for O. The kinetic energy cutoff was 400 eV and the experimentally determined lattice parameters were used. Here we report FM and metallic solutions unless otherwise specified. The Brillouin-zone integrations used a Γcentered k-mesh (10 × 10 × 6) for the tetragonal unit cell determined by XRPD and NPD (see below); supercells were also constructed and employed a mesh of identical density. After relaxation of the atomic positions, selected atoms were displaced by ±0.015 Å to ±0.03 Å along the three independent axis directions (this technique was used to ensure that the force constant matrix expresses the proportionality between forces and displacements), and the corresponding forces were calculated via the Hellmann−Feynman theorem. From the calculated forces and displacements, the force-constants were obtained. Finally the phonon frequencies were obtained by diagonalization of the dynamical matrix. 32 Because only the vibrations in the center of the Brillouin zone can be detected experimentally, the calculations were limited to modes at the Γ-point (the k = 0 limit).
■ RESULTS AND DISCUSSION
A. X-ray and Neutron Powder Diffraction. Our XRPD and NPD data showed that K x Ba 1−x O 2 with 0.22 < x < 0.41 adopts the body-centered tetragonal CaC 2 structure type with space group I4/mmm from room temperature down to 5 K (Figure 1a ), which is isostructural with the end members of the series BaO 2 and KO 2 . The dioxygen anions are 6-fold coordinated by Ba/K cations to form octahedra that are strongly elongated along the c-direction. There were no unindexed peaks in the diffraction patterns; thus there is no evidence for any supercell due to Ba/K cation ordering. Rietveld refinements of the structure were carried out using fixed Ba/K ratios as determined by ICP analysis. The oxygen zcoordinate (site 4e, coordinates 0,0,z) and site occupancy were determined using NPD data collected on the x = 0.22 and x = 0.41 samples. The x = 0.22 sample had an oxygen deficiency of ∼5.5% (Table 1) , which is consistent with a previous report on 33 Using the 5 K NPD data, the refined oxygen deficiency for x = 0.41 was zero within a large experimental uncertainty; the occupancy could not be reliably determined from the 300 K data because of a large degree of correlation with the isotropic displacement factor. Nevertheless, the samples will hereafter be referred to as K x Ba 1−x O 2−δ . The O− O bond lengths for both compounds were intermediate between those reported for BaO 2−x (∼1.48 Å) 33 and KO 2 (1.28 Å), 34 as shown in Table 1 . The decrease in bond length with K-doping is consistent with the corresponding expected increase in bond order.
Although KO 2 is known to undergo a series of structural phase transitions below room temperature involving reorientations of the dioxygen anions, driven both by Jahn−Teller and magnetogyration effects, 35, 36 our data did not indicate any phase transition in K x Ba 1−x O 2−δ down to 5 K. We note that the isotropic oxygen displacement factors of x = 0.41 were much larger than x = 0.22, which suggests that locally the anions might not be aligned perfectly parallel to c as imposed by I4/ mmm symmetry.
The XRD and NPD peaks were much broader than the instrumental resolution; furthermore, the peak widths increased with x. The high degree of peak overlap prevented an accurate size/strain analysis, but applying the Scherrer formula to the width of the 112 peak (the only well resolved K x Ba 1−x O 2−δ single peak in the patterns) suggested a crystallite size of the order 15−30 nm for x = 0.41. A significant contribution to the peak broadening could also arise from strain if the samples are inhomogeneous with respect to the Ba/K distribution, for example if the cations are locally ordered. Annealing at 100°C resulted in narrower diffraction peaks but also in the appearance of weak extra peaks that could not be indexed in terms of either a supercell or any known impurity phase. To ensure as high sample quality as possible in terms of purity, the samples discussed here were not annealed.
B. Raman Spectroscopy. Figure 2 shows the room temperature Raman spectra of K 0. 22 2 37,38 ). On closer inspection both peaks could best be fitted using pairs of Lorentzian functions, except for the ∼1140 cm −1 peak of x = 0.22 which required only one broad Lorenztian. A third peak B at ∼1055 cm −1 is also apparent; no O−O stretching mode close to this frequency has been reported in the literature. Although the C−O stretching frequency of the carbonate anion is found here, 33 no evidence of carbonates was found in any of the XRPD or NPD patterns, and this peak was absent in Raman spectra of KO 2 and BaO 2 samples stored under identical conditions. The origin of this peak will be discussed in detail below. The fitted peak parameters of BaO 2 , KO 2 , and K x Ba 1−x O 2−δ are summarized in Table 2 . All three K x Ba 1−x O 2−δ peaks are significantly broader than the O−O stretching peaks of BaO 2 and KO 2 , probably reflecting variation in the local chemical environment of the dioxygen anions due to cation disorder. Although the peaks have been fitted with either one or two Lorentzians, as discussed below they should probably be envisaged as the superposition of many narrower peaks covering a range of frequencies because many different local coordinations of Ba/K are possible. DFT calculations were performed to better understand the Raman spectra in Figure 2 . We considered oxygen dimers with a first octahedral coordination sphere of six mixed Ba 2+ and K + cations, where the molecular axis of the dimers is along the cdirection. In total, there are 16 possible combinations of cations for a given dimer, not including coordinations of six Ba 2+ or six K + . For each combination, a larger unit cell was constructed to include the first coordination sphere of one dimer. The dimer under investigation was relaxed along the c-axis of the bodycentered tetragonal cell. The frequency ν of the corresponding Raman-active O−O stretching mode was then calculated; values for each possible coordination are listed in Table S1 of the Supporting Information. The frequencies cover the range from ν = 853 cm −1 for Ba-rich coordination to ν = 1098 cm −1 for K-rich coordination. The coordination in the ab plane has a stronger influence on ν than that along the c-direction, especially for dimers with a higher K-coordination. For example, a dimer coordinated by one axial Ba 2+ and five K + gives the highest ν of 1098 cm −1 ; moving the Ba 2+ to an equatorial position reduces ν to 973 cm −1 . This trend is not as pronounced for Ba-rich coordinations, where ν varies less.
The local cation coordination of a dimer determines its valence state. The ground state of a dimer can be described by a linear combination of the ground states of O 2 − and O 2
, where y− is the nominal valence state of the dimer and α (0 < α < 1) represents the valence mixing. The value of α is close to 1 for Ba 2+ -rich coordination, and for K + -rich coordination α is close to zero. We demonstrate here that Raman spectra represent a useful probe of to what degree these mixed-valent anions interact with each other. Indeed, by considering isolated dimers only, the calculated stretching frequencies in Supporting Information, Table S1 cannot account for the three experimental peaks observed at ∼840, 1055, and 1140 cm −1 . Instead, we propose that the entire spectrum can be interpreted by including the effect of coupling the vibrations of adjacent dimers. The I4/mmm unit cell of K x Ba 1−x O 2−δ contains six atoms: two cations and two oxygen dimers. The stretching of the two dimers can either be in-phase or anti-phase, and we must consider both cases for couplings between nearest neighbors, which can also have different K/Ba environments. We note that coupling of a dimer coordinated by six K + to a nearest-neighbor coordinated by six Ba 2+ is not possible because the octahedra share edges. However, coupling between dimers with any other combination of coordinations is possible. To gain insight into the effect of this coupling on the stretching frequencies, we performed a series of representative calculations on K 0.5 Ba 0.5 O 2 using unit cells doubled either in the ab plane or in the c-direction, as shown in Figure 3 . When the interaction between two specific dimers was calculated in cases 1−6 below, we performed a separate phonon calculation for each case where we kept all other atoms in the cell frozen.
First, three representative cases were studied in which neighboring dimers are coupled in the ab plane (i.e., intralayer coupling; the supercells used are shown in Figures 3a and b) . The calculated frequencies are shown in Table 3 . Analyzing the motion of the atoms in these calculations, we found that the higher frequency mode in each of cases 1 to 3 corresponds to in-phase stretching and the lower frequency corresponds to anti-phase stretching.
Three more representative cases were studied in which neighboring dimers couple along the [111] direction of the smaller I4/mmm cell (i.e., interlayer coupling, the supercell used is shown in Figure 3c ). The calculated frequencies are also listed in Table 3 . Similar to intralayer coupling, in cases 4 and 5 the higher and lower frequencies correspond to in-phase and anti-phase stretching, respectively. The difference between in- Figure 3 . Supercells used for phonon calculations of K 0.5 Ba 0.5 O 2 with (a), (b) intralayer coupling between oxygen dimers in the ab plane and (c) interlayer coupling. Labels 1−6 correspond to the coupling cases described in the text and in Table 3 . phase and anti-phase stretching frequencies is much larger for coupling between the superoxide-like dimers in case 4 than for the peroxide-like dimers in case 5. The coupling between superoxide-like and peroxide-like dimers in case 6 has a negligible effect on the frequencies. This is in contrast to the intralayer coupling of "oppositely" coordinated dimers in case 3, which has a much greater effect on the frequencies because of the more mixed-valent character of the 4:2 and 2:4 coordinated dimers [in case 6, the dimer coordinations are 5:1 and 1:5]. Finally, we performed three phonon calculations based on ordered structures with compositions K 0.25 Ba 0.75 O 2 , K 0.5 Ba 0.5 O 2 , and K 0.75 Ba 0.25 O 2 (note that in these calculations all dimers were allowed to interact). Details are given in the Supporting Information. We assumed that the magnetic moments of dimers within each K−O layer (in the ab-plane) were coupled ferromagnetically, as reported in the literature for KO 2 . 39 For K 0.25 Ba 0.75 O 2 and K 0.75 Ba 0.25 O 2 the calculated and experimentally observed frequencies differed significantly. However, a good match with the experimental frequencies of both the x = 0.22 and x = 0.41 samples (Figure 2 ) was obtained for K 0.5 Ba 0.5 O 2 . The results are summarized in Table 4 . The highest calculated frequency of 1134 cm −1 is close to the experimental value of ∼1140 cm −1 . Similarly, the calculated 1068 cm −1 mode is close to the experimental peak at 1055 cm −1 . The 887 cm −1 and 868 cm −1 modes are consistent with the broad experimental doublet centered at ∼840 cm −1 . We note that the supercell used for K 0.5 Ba 0.5 O 2 (Figure 3c ) contains only one dimer per layer in the ab-plane; thus intralayer dimer coupling is neglected in our calculation. Our justification for this assumption is outlined in the Supporting Information; essentially, intralayer coupling is very weak because of the longer distance between dimers (∼3.86 Å) compared to the interplane distance (∼3.40 Å).
Although based on simple ordered structural models, the phonon calculations above give us useful information on the Raman spectra of our samples. The fact that only the phonon calculation on K 0.5 Ba 0.5 O 2 gives reasonable agreement with experiment implies that a structure with a fair degree of K + / Ba 2+ order is formed, probably on length scales more local than can be probed by standard diffraction methods. When the concentration of K + in the sample is much lower than 50%, the structure is likely inhomogeneous with local regions of cation order similar to the supercell in Figure 3c , and other regions where the dimers are coordinated mainly by Ba 2+ . This is consistent with the observation that the two peaks centered at 1055 cm −1 and 1140 cm −1 are both weaker for x = 0.22 than for x = 0.41 (Figure 2 ). When the K + concentration approaches 50%, one may expect a greater tendency toward the cationordered structure. Consequently, we expect that the two peaks centered at 1055 cm −1 and 1140 cm −1 will have the strongest combined intensities at x = 0.5 in the K x Ba 1−x O 2−δ series.
Usually, only phonons at the center of the Brillouin zone (k = 0) are first-order Raman allowed because of momentum conservation, which is associated with the translational symmetry of the crystal. Introducing disorder into the lattice breaks this translational symmetry, which consequently causes the breakdown of momentum conservation and violation of the selection rules. The usual effects of disorder on the Raman spectra of crystalline materials are peak broadening and the activation of k = 0 phonons that are forbidden by the symmetry of the perfect crystal. We will first discuss the Raman spectrum of an alkali oxide crystal in which each dimer has the same cation coordination. For neighboring dimers that stretch inphase, during the period when the bond length of the dimers increases, the polarizability of both dimers also increases with the same scaling coefficient. The total derivative of the polarizability with respect to the normal coordinate taken at the equilibrium position is then nonzero. Consequently, the inphase stretching vibration is Raman active. 40 For anti-phase stretching, during the period when the bond length of one dimer increases and that of the other dimer decreases, the polarizability of the first dimer is increasing with the same scaling coefficient as for in-phase stretching, whereas the polarizability of the second dimer decreases with a scaling coefficient of opposite sign. The derivative of the total polarizability with respect to the normal coordinate taken at the equilibrium position is then zero (the contribution of one dimer completely cancels that of the other dimer). Consequently, the anti-phase stretching vibration is Raman inactive. However, the mixed valency that arises from the disordered distribution of Ba 2+ /K + in K x Ba 1−x O 2−δ introduces random variations in the chemical environment of the dimers. The resulting Raman spectrum would then differ from that of the perfectly ordered crystal discussed above. For in-phase stretching, the polarizability of neighboring dimers will increase/decrease with the same sign but the scaling coefficients can be of different magnitude. The total derivative of the polarizability with respect to the normal coordinate taken at the equilibrium position would then be nonzero, and the in-phase stretching vibration would still be Raman active. For anti-phase stretching, the polarizability of one dimer will increase with (Figure 3a)  995  1079  1079  2 4Ba, 2K 4Ba, 2K intralayer (Figure 3a)  852  886  886  3 2Ba, 4K 4Ba, 2K intralayer (Figure 3b)  893  970  901  938  4 1Ba, 5K 1Ba, 5K interlayer (Figure 3c some scaling coefficient while the polarizability of the other dimer decreases with a scaling coefficient of the opposite sign that can also be different in magnitude. The derivative of the total polarizability with respect to the normal coordinate taken at the equilibrium position would then be nonzero and this anti-phase stretching vibration would become Raman active. Thus, structural disorder due to mixed valency in K x Ba 1−x O 2−δ activates the anti-phase stretching mode that would be Ramanforbidden by the symmetry of a perfectly ordered crystal. We note that this mechanism is different to other examples of disorder-induced Raman scattering in the literature, such as in relaxor ferroelectrics where there are distinct clusters or nanoregions with lower symmetry than of the bulk material. 41 A secondary effect resulting from the surfaces of small crystallites (15−30 nm suggested by our XRPD measurements) might also help to activate the anti-phase stretching mode in K x Ba 1−x O 2−δ . On the surface of the crystallites, the anti-phase stretching of adjacent dimers does not result in complete cancellation of the polarizability (Figure 4) . Thus, the Ramanforbidden mode can become weakly activated. Such an effect is known for the so-called D-mode in graphite, the intensity of which scales inversely with crystallite size. 42, 43 However, in K x Ba 1−x O 2−δ the effect of crystallite size is likely to be small in comparison to the influence of cation disorder. Mixed-valent transition metal based compounds have been widely studied. Robin and Day 44, 45 classified mixed-valent compounds into three categories according to the extent of the electronic interaction between redox units. At present it is unclear to which category K x Ba 1−x O 2−δ should be assigned; our attempts to measure the electrical conductivity were unsuccessful as we were unable to prepare dense enough pellets below the sample decomposition temperature of ∼100°C
. Magnetization measurements showed behavior characteristic of spin glasses for all samples and are reported elsewhere. 46 Nevertheless, our interpretation of the Raman spectra of K x Ba 1−x O 2−δ requires a considerable degree of coupling between neighboring dioxygen dimers.
Finally, we briefly comment on the other nominally mixedvalent alkali oxides. The Raman spectra of RbO 1.5 and CsO 1.5 19 show only two peaks in the O−O stretching frequency range, which are close to the expected frequencies of peroxide and superoxide anions. The absence of any intermediate frequency peaks suggests that no significant coupling between the oxygen dimers in RbO 1.5 and CsO 1.5 occurs. This is supported by the observation of the same two peaks in the vibrational spectrum of RbO 1.5 obtained by inelastic neutron scattering, 47 a technique that unlike Raman spectroscopy has no selection rules 48 and for which anti-phase stretching modes would always be visible. Therefore, the dioxygen anions in RbO 1.5 and CsO 1.5 likely retain discrete 1− and 2− charges, and they can be considered as anionogenic charge-ordered materials. The Raman spectrum of RbO 1.72 contains one strong stretching mode at the frequency of superoxide and one very weak mode at the frequency of peroxide. 20 Here the stoichiometry does not allow any obvious type of charge order, but no intermediate frequency modes suggestive of mixed-valent dimer coupling were observed. However, this might be because all the dioxygen anions are identically coordinated by six Rb + cations, resulting in the anti-phase stretching mode of coupled dimers being Raman forbidden.
■ CONCLUSION
We have synthesized a continuous solid solution series of anionogenic mixed-valent materials with formula K x Ba 1−x O 2−δ (x < 0.41). All materials are isostructural with the end members BaO 2−δ and KO 2 . The Raman spectra contain an O−O stretching mode centered at ∼1055 cm −1 that is intermediate in frequency between those of superoxide and peroxide anions and has not previously been observed in related materials with dioxygen anions. We have shown that this mode arises from coupling between neighboring oxygen dimers when the valence state of the anions lies between −1 and −2, and is thus a direct signature of a novel type of anionogenic mixed valency. We expect that a new family of materials based on mixed-valent dioxygen anions combined with alkali and alkaline earth cations awaits discovery, with as yet unknown physical properties.
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